Isotype-and subclass-specific indirect enzyme-linked immunosorbent assays were developed to detect parainfluenza-3 virus-specific IgG 1 , IgG 2 , IgM, and IgA responses. Sera were treated with protein Gagarose prior to testing for specific IgM and IgA to eliminate the possibility of false-positive results due to IgM-rheumatoid factor and to remove interisotypic competition due to specific IgG. IgM and IgA absorbance values were expressed as a percentage of the absorbance values of positive reference sera included on each plate (S/P%), and respective positive/negative threshold values of 15.0% and 28.0% were determined. The mean interval between experimental infection of 3 calves and initial detection of specific IgG 1 and IgG 2 responses was 8.0 and 9.3 days respectively, rising rapidly to an initial plateau 13.7 and 11.0 days postinfection (dpi). Reinfection of these calves at 30 dpi resulted in further rapid increases, with higher plateau values reached 13.0 (IgG 1 ) and 13.7 (IgG 2 ) days later. The mean interval between infection and the first positive IgM and IgA responses was 6.7 and 12.3 days, respectively. IgM S/P% values peaked at 13.0 dpi, with all 3 calves showing a secondary anamnestic response to reinfection, peaking 4.7 days later. The IgA response to initial infection was weak, with only 2 calves showing an obvious peak response at 15.0 dpi. A strong anamnestic IgA response to reinfection occurred in 2 calves, with a peak response 9.5 days later. Apparent biphasic and triphasic IgM and IgA responses were evident in some calves. Acute and convalescent serum samples from 80 calves involved in 17 outbreaks of respiratory disease were tested for specific IgM and IgA. Positive IgM results were detected in 15 outbreaks, with 71 sera from 44 calves testing positive. Although IgA-positive results were detected in the same 15 outbreaks, only 42 sera from 31 calves were positive. In a previous study, seroconversion was detected in 21 of these calves from 10 outbreaks. Thus the diagnostic potential of the assays was in the order IgM Ͼ IgA Ͼ seroconversion. The correlations between IgM and IgA, IgM and seroconversion, and IgA and seroconversion results for each calf were 73.8%, 58.8% and 62.5%, respectively.
Infection with parainfluenza-3 virus (PI3V) is ubiquitous in dairy and beef herds in Northern Ireland, with serologic evidence of infection on 97.5% of farms. 19 In a serologic survey of outbreaks of bovine respiratory disease in Northern Ireland, 10 seroconversion to PI3V was detected in 13.7% of calves sampled, second in prevalence only to bovine respiratory syncytial virus (BRSV). However, serodiagnosis of respiratory disease based on seroconversion requires a minimum of 2-3 weeks because of the requirement for both acute and convalescent serum samples. In addition, the presence of maternally derived antibody (MDA) suppresses the humoral immune response, especially of IgG. 9, 14, 18 IgM-specific assays have the potential to overcome both of these problems and have been shown to be superior to the detection of serocon-version for serodiagnosis of BRSV infections. 9, 26 Although the presence of IgM-rheumatoid factor in sera has the potential to create false-positive results, especially in indirect enzyme-linked immunosorbent assays (ELISAs), 9, 25 depletion of serum IgG by pretreatment with protein G-agarose (PGA) is an efficient and effective method of overcoming this problem 9 and has the additional advantage of producing stronger IgM signals in indirect ELISAs by removing interisotypic competition. 9 To gain an understanding of the isotype-specific patterns of response, it is necessary to examine results from experimental infections. However, although the isotype-and subclass-specific profiles that develop following infection and reinfection with a number of bovine respiratory viruses, including BRSV, bovine coronavirus, and infectious bovine rhinotracheitis virus (IBRV), have been described, 12, [14] [15] [16] no such information is available for PI3V. To determine the time course and magnitude of these responses following experimental infection and reinfection with PI3V, IgG 1 -, IgG 2 -, IgM-, and IgA-specific indirect ELISAs were developed. The serodiagnostic potential of PI3V-specific IgM (PI3V-IgM) and PBV-specific IgA (PI3V-IgA) has not been evaluated previously. To do so, acute and convalescent serum samples from field outbreaks of respiratory disease in calves that had previously been tested for seroconversion using a single dilution ELISA system 10 were tested by both assays, and the results were compared.
Materials and methods
Sera. Three 5-mo-old conventional colostrum-fed calves (nos. 1, 5, 6) were infected with a Northern Ireland field isolate of PI3V at sixth passage in fetal bovine lung cells. Each calf received a total of 20 ml of virus inoculum (5 ml in each nostril and 10 ml intratracheally) and was reinfected in the same way at 30 days postinfection (dpi). The titers of the inocula used for infection and reinfection were 10 8.9 TCID 50 /ml and 10 7.6 TCID 50 /ml, respectively. Blood samples were collected from each calf 8 days before inoculation and 2, 3, 6, 8, 10, 13, 17, 20, 23, 27, 30, 34, 36, 38, 41, 43, 45, 48, 55, 61 , and 68 dpi, and sera were stored at Ϫ20 C for subsequent testing. In a parallel experiment, an additional 3 5-mo-old calves (nos. 2, 3, 4) were infected and reinfected with IBRV in the same way and at the same interval. Parallel serum samples from calf 2 served as negative controls.
Field sera comprised 80 acute and convalescent serum pairs submitted by private veterinary practitioners from 17 outbreaks of respiratory disease. The mean number of animals sampled per outbreak was 4.7 (range, 2-6), and the mean intersample interval was 22.6 days (range, 13-36 days). These serum pairs had previously been tested for evidence of seroconversion to PI3V using a single dilution ELISA as part of a larger study, for which a change from seronegative to seropositive or a Ն4-fold increase in titer was considered to indicate seroconversion. 10 ELISA development and protocols. Isotype-specific ELISAs for IgG 1 , IgG 2 , IgM, and IgA were developed, using isotype-specific monoclonal antibodies (MAbs) MCA-627, -626, and -628 (␣IgG 1 , ␣IgG 2 , and ␣IgA, respectively) a and IL-A30 (␣IgM). 21 Microtiter plates supplied with a commercial PI3V-specific IgG (PBV-IgG) ELISA b and coated with alternative columns of PI3V and control antigen were used as the solid phase for all of these assays.
Each assay consisted of successive incubation of the solid phase with serum, isotype-specific MAb, peroxidase-conjugated anti-mouse immunoglobulin (AMPO), c and substrate/ chromogen solution (supplied with kit). Wells were washed with 3 250-l volumes of Phosphate-buffered saline (PBS)-Tween (PBS-T; 0.01M PBS containing 0.05% w/w Tween 20) between each incubation. All incubations were for 1 hr at 37 C, with the exception of the chromogen/substrate solution, which was incubated for 10 min before the reaction was stopped with 50 l 2.5M H 2 SO 4 (supplied with kit). With the exception of stop solution (50 l/well), all volumes were 100 l/well. After stopping, plates were read at 450 nm on an automated plate reader, d and the corrected optical density (COD) value was calculated for each sample by subtracting the optical density (OD) value of the control antigen well from that of the parallel PI3V antigen well. Sera from calves 1 (Ϫ8 and 15 dpi) and 5 (Ϫ8 and 15 dpi) were tested in duplicate on appropriate ELISA plates as negative and positive PI3V-IgM and -IgA reference sera, respectively. PI3V-IgM and -IgA COD values were expressed as a percentage of the mean COD value of the corresponding positive reference serum (S/P%).
For each assay, preliminary checkerboard titrations were performed to select a diluent (PBS-T or 0.01M PBS containing 2% w/v NaCl, 0.05% v/v Tween 80, and 4% v/v IgGfree horse serum) and to optimize dilutions of serum, MAbs, and AMPO. Details for each ELISA are summarized in Table 1 . Prior to being tested for PI3V-IgM and -IgA, sera were treated with PGA e as described previously. 9 Determination of positive/negative threshold values for PI3V-IgM and IgA ELISAs. To determine positive/negative threshold (PNT) values for PI3V-IgM and -IgA, sera from 45 3-5-mo-old calves with no previous history of respiratory disease were tested by PI3V-IgM and -IgA ELISAs. For each assay, the mean S/P% value (ϩ4 SD) was taken as the PNT value.
Testing of field and experimental sera. Experimental sera were tested for PI3V-specific IgG 1 , IgG 2 , IgM, and IgA, whereas field sera, which had previously been tested for seroconversion, 10 were tested only for PI3V-IgM and -IgA.
Results

Determination of PNT values for PI3V-IgM and -IgA ELISAs.
The mean PI3V-IgM S/P% value of the 45 sera tested was 5.09% (SD ϭ 2.36%). When tested for PI3V-IgA, 6 of these sera showed high OD values in the control antigen well, ranging from 0.325 to 2.003 and resulting in COD values ranging from Ϫ0.172 to Ϫ1.844. Excluding these sera, the mean IgA S/P% value was 6.74% (SD ϭ 5.39%; n ϭ 39). Based on these results, 15.0% (IgM) and 28.0% (IgA) were Table 2 . IgG 1 and IgG 2 results are expressed as COD values, whereas IgM and IgA values are expressed as S/P%. All 4 calves had low to moderate levels of specific IgG 1 8 days before infection and were negative for PI3V-IgM and -IgA. Calves 1, 5, and 6 showed a decline in PI3V-IgG 1 values in the initial sampling period, consistent with this antibody being maternally derived. Calf 2 showed no PI3V-specific responses fol-lowing infection and reinfection with IBRV, with IgG 1 COD values falling from 1.539 before infection to 0.567 at the end of the sampling period.
Responses to infection with PI3V. The mean interval between infection and first detection of an increase in PI3V-IgG 1 and -IgG 2 COD values was 8.0 and 9.3 days, respectively, for calves 1, 5, and 6 ( Fig. 1 ; Table  1 ). Thereafter the pattern of responses for both subclasses was similar, with COD values rising to either an initial peak or a plateau at a mean of 13.7 dpi (IgG 1 ) or 11.0 dpi (IgG 2 ). Thereafter, IgG 1 and IgG 2 levels then remained stable or decreased slightly, before increasing steadily until reinfection at 30 dpi. PI3V-IgG 1 COD values were consistently higher than those for PI3V-IgG 2 throughout this sampling period. The mean intervals between infection and the first positive PI3V-IgM and -IgA responses for calves 1, 5, and 6 were 6.7 and 12.3 days, respectively. The mean interval from infection to peak IgM response was 13.0 days, with all 3 calves showing an apparent biphasic pattern. The mean interval from infection to peak IgA response for calves 1 and 5 was 15.0 days. Calf 1 showed an apparent biphasic and calf 5 showed an apparent triphasic IgA response. Calf 6 did not show a clear peak IgA response. Instead, after an initial increase in S/P% values from 7.3% at 6 dpi to 22.8% at 8 dpi, S/P% values decreased slightly before gradually increasing to first become positive at 23 dpi.
Responses to reinfection with PI3V. At reinfection, serum from calves 1, 5, and 6 contained detectable levels of PI3V-IgG 1 , -IgG 2 , -IgM, and IgA. Following reinfection, secondary immune responses developed in all 3 calves. PI3V-IgG 1 and -IgG 2 levels rose sharply to relatively stable plateau values at a mean of 13.0 and 13.7 days postreinfection (dpr), respectively. In all 3 calves, a PI3V-IgM response developed more rapidly than after primary infection, with peak levels being reached at a mean of 4.7 dpr. Relative to primary infection, these peak reinfection responses were lower in calves 1 and 5 and greater in calf 6. Calf 5 again showed an apparent biphasic IgM response. Calves 5 and 6 also showed rapid PI3V-IgA responses, peaking earlier (X ϭ 9.5 dpr) and at higher levels than observed after primary infection. Calf 1 did not show a clear IgA response to reinfection. Instead, the rate of increase in the PI3V-IgA S/P% value present at reinfection was maintained, reaching a peak 8 days later. After peaking, PI3V-IgM and -IgA levels in calves 1, 5, and 6 declined. Calf 6 tested negative for PI3V-IgM and -IgA at 38 dpr.
PI3V-IgM and -IgA was still detectable in the sera of calves 1 and 5 at the end of the sampling period.
Testing of field sera. The results of testing field sera for PI3V-IgM and PI3V-IgA are summarized in Tables  3 and 4 . Of the 160 sera tested for PI3V-IgM, a total of 71 (44.4%) were positive (Table 3 ). These sera came from 44 of the 80 calves tested (55.0%, Table  4 ). In 27 (33.8%) of these calves, both acute and convalescent serum samples tested positive. In 12 others (15.0%), only the acute serum sample tested positive, whereas in the remaining 5 calves (6.2%), only the convalescent serum sample tested positive. One or more calves from 15 of the 17 outbreaks investigated (88.2%) tested positive for PI3V-IgM (Table 5 ). A total of 42 sera (26.3%) from 31 calves (38.8%) were positive for PI3V-IgA. In 11 of these calves (13.8%), both acute and convalescent serum samples tested positive. In 11 others (13.8%), only the acute serum sample tested positive, whereas in the remaining 9 calves (11.2%), only the convalescent serum sample tested positive. One or more calves from 15 cases (88.2%) tested positive for PI3V-IgA (Table 5 ). A comparison of PI3V-IgM and -IgA results for individual sera (n ϭ 160) reveals an overall correlation of 73.1% (Table 3) , with 35 sera positive by both assays and 82 negative by both. PI3V-IgM was detected in 36 sera that tested negative for PI3V-IgA, and PI3V-IgA was detected in 7 sera that tested negative for PI3V-IgM. When analyzed on the basis of the results for each calf (n ϭ 80), the overall correlation is 73.8%, with 27 calves positive by both assays and 32 negative by both (Table 5 ). An additional 17 calves were positive for PI3V-IgM and negative for PI3V-IgA, whereas 4 calves were positive for PI3V-IgA and negative for PI3V-IgM. However, on an outbreak basis, the correlation was 100.0% (Table 5) , with 1 or more animals from the same 15 outbreaks testing positive for both PI3V-IgM and -IgA.
When these serum pairs were previously tested by single-dilution ELISA, seroconversion to PI3V was detected in 21 sera from 8 cases. The correlations between seroconversion and PI3V-IgM results on a calf and a herd basis were both 58.8%. The corresponding values for PI3V-IgA were 62.5% and 58.8%, respectively (Table 5 ). PI3V-IgM and -IgA were detected in 28 and 20 calves, respectively, that did not seroconvert. Seroconversion was detected in 5 calves negative for PI3V-IgM and in 10 calves negative for PI3V-IgA. One or more calves from 7 cases in which seroconversion was not detected were positive for both PI3V-IgM and -IgA.
Discussion
The isotype-and subclass-specific responses observed following primary experimental infection were similar to those previously reported for experimental infections with BRSV 14 and IBRV, 11, 15 although a number of differences were evident. First, all 3 calves showed apparent biphasic IgM responses characterized by an initial peak at 13 dpi and followed by a smaller peak 4 days later. Second, initial IgG 1 and IgG 2 responses occurred almost simultaneously, at 8-10 dpi, although IgG 1 levels were much higher throughout the initial infection period. In other studies, the IgG 2 response to both BRSV and IBRV occurred much later than the IgG 1 response. 11, 14, 15 Third, the IgA response developed relatively slowly, with only calf 5 showing an obvious (biphasic) peak.
Following reinfection, both IgG 1 and IgG 2 levels showed further rapid increases. In previous studies, there was a transient anamnestic IgA response following reinfection with BRSV and IBRV, 14, 16 and a similar pattern was evident in calves 5 and 6, with higher S/ P% values than those observed following primary infection. Calves 1, 5, and 6 also showed a transient IgM response to reinfection that was most evident in calves 5 (biphasic) and 6. This finding is in contrast to previous findings following reinfection via the respiratory route with BRSV and IBRV, 14, 16 although a secondary IgM response has been described following reinfection with IBRV by the intrauterine route. 11 The genesis of the primary humoral immune response is characterized by proliferation and differentiation of reactive IgM-expressing B lymphocytes into either antibody-secreting effector cells or memory cells. 1 This process is accompanied by maturation of antibody affinity and also by helper T-cell-mediated heavy chain class switching to other isotypes, including IgG and IgA, so that IgG tends to dominate secondary responses but IgM is often absent.
Given the relatively short interval between infection and reinfection, it is possible that the observed secondary IgM responses following reinfection with PI3V were due to restimulation of antibody-secreting cells produced in response to the primary infection but that had not yet undergone heavy chain class switching rather than representing a genuine secondary response. However, specific IgM responses have also been described following reinfection or reactivation with a number of other viruses. 17, 20 When the number of positive results obtained by testing for PI3V-IgM, -IgA, and seroconversion were compared on a calf-by-calf basis (Table 5) , the greatest number were detected in the order IgM Ͼ IgA Ͼ seroconversion. However, when compared on an outbreak-by-outbreak basis, both IgM-and IgA-specific assays detected evidence of recent infection in the same 15 of the 17 outbreaks. The lower number of IgA-positive results relative to IgM results in these field sera is likely to be a reflection, at least in part, of the relatively low PI3V-IgA responses observed following primary experimental PI3V infection (Fig. 1) . The greater susceptibility of the primary IgA response to suppression by MDA 14 may have also contributed to this finding. The presence of MDA can suppress serologic responses to PI3V infection such that seroconversion is not detected. 18 Seventeen of the 28 calves that were IgM positive but did not seroconvert showed a decrease in specific IgG titer between acute and convalescent samples, suggesting that the PI3V-IgG in their acute sera was maternally derived (data not shown). The remaining 11 calves showed an increase in titer that was insufficient to demonstrate a 4fold rise. Ten of these 11 calves had moderate to high levels of specific antibody in their acute sera, suggesting again either the interference of MDA or that the acute sample was collected too late in the course of the infection. Based on these findings, the PI3V-IgM ELISA is best suited to the serodiagnosis of recent infections. In addition, because 39 of the 44 calves (88.6%) that tested positive did so with the acute sample (Table 4 ), a single sample would be sufficient to make a diagnosis in the majority of calves. This assay is also cheaper to perform than that for PI3V-IgA because of the lower cost of PGA treatment associated with a higher serum dilution.
However, although serodiagnosis, like virus isolation, provides a temporal link between respiratory disease and PI3V infection, it does not establish a causal relationship. Clinical signs of respiratory disease have been described following experimental PI3V infection of calves both with and without MDA, 5, 18 although severity of disease is dose dependent. 8 However, clinical disease was not observed following natural PI3V infection of a group of calves with MDA, 3 consistent with observations following the experimental infections and reinfections described here (data not shown). Similarly, in some longitudinal surveys based on virus isolation and serologic testing for seroconversion, PI3V infection was significantly linked to clinical signs, 24 whereas other researchers were unable to demonstrate such a relationship. 6, 7, 13, 23 However, the interpretation of much of these data is complicated by the facts that 1) seroconversion as demonstrated here underestimates the true incidence of infection, 2) reinfections, although usually accompanied by seroconversion, are typically subclinical, 8, 18 and 3) PI3V is often associated with mixed infections. 2, 4, 22 The isotype-and subclass-specific responses to infection and reinfection with PI3V are described here for the first time, and the diagnostic potential of PI3V-IgM and -IgA ELISAs were evaluated in comparison with the detection of seroconversion. The results of this evaluation are consistent with previous findings for BRSV, 9, 26 indicating that serologic diagnosis based on the detection of a specific IgM response is superior to diagnosis based on seroconversion. Taken together, these results suggest that the incidence of BRSV and PI3V infections associated with outbreaks of respiratory disease in calves may be higher than previously thought.
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